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The	
  Engineering	
  Risk	
  Assessment	
  (ERA)	
  team	
  is	
  developing	
  a	
  physics-­‐based,	
  probabilis.c	
  risk	
  model	
  for	
  assessing	
  poten.ally	
  hazardous	
  asteroid	
  (PHA)	
  impact	
  threats.	
  The	
  model	
  integrates	
  probabilis.c	
  sampling	
  of	
  uncertain	
  asteroid	
  parameters	
  with	
  physics-­‐based	
  analyses	
  of	
  key	
  entry,	
  breakup,	
  and	
  airburst	
  processes	
  to	
  es.mate	
  expected	
  damage	
  areas	
  	
  
and	
  casual.es	
  from	
  various	
  classes	
  of	
  PHAs.	
  The	
  model	
  is	
  used	
  to	
  perform	
  sensi.vity	
  studies,	
  bound	
  poten.al	
  consequences	
  of	
  impact	
  scenarios	
  with	
  uncertain	
  characteris.cs,	
  and	
  inves.gate	
  the	
  implica.ons	
  of	
  specific	
  impact	
  factors	
  and	
  cases.	
  These	
  results	
  provide	
  insight	
  into	
  which	
  parameters	
  most	
  significantly	
  drive	
  the	
  risks,	
  the	
  rela.ve	
  importance	
  of	
  
characterizing	
  or	
  measuring	
  those	
  parameters	
  to	
  varying	
  degrees	
  of	
  accuracy,	
  and	
  what	
  physical	
  models	
  are	
  most	
  important	
  to	
  refine	
  in	
  order	
  to	
  meaningfully	
  evaluate	
  risk	
  levels.	
  This	
  work	
  is	
  part	
  of	
  the	
  NASA	
  Ames	
  Research	
  Center	
  (ARC)	
  Planetary	
  Defense	
  Integrated	
  Product	
  Team	
  (PD	
  IPT)	
  ini.a.ve	
  to	
  develop	
  predic.ve	
  impact	
  risk	
  assessment	
  tools	
  that	
  will	
  
support	
  mi.ga.on	
  strategy	
  planning	
  and	
  poten.al	
  threat	
  response	
  decisions.	
  

Physics-­‐Based	
  Impact	
  Risk	
  Modeling	
  
Ames Research Center!

•  Dynamic	
  Monte	
  Carlo	
  sampling	
  of	
  uncertain	
  asteroid	
  
and	
  impact	
  parameters	
  to	
  generate	
  probabilis.c	
  sets	
  
of	
  specific	
  strike	
  scenarios.	
  
•  Parameters	
  can	
  be	
  fixed	
  or	
  distributed,	
  with	
  ranges	
  
set	
  directly	
  or	
  es.mated	
  from	
  observa.onal	
  data.	
  
•  GUI	
  applet	
  efficiently	
  generates	
  analysis	
  cases	
  for	
  a	
  
wide	
  range	
  of	
  parameter	
  spaces	
  and	
  applica.ons.	
  

PHA	
  Risk	
  Corridor	
  Assessments	
  
•  Provide	
  damage	
  area	
  and	
  casualty	
  
es.mates	
  for	
  impacts	
  along	
  risk	
  corridors	
  
predicted	
  by	
  PHA	
  trajectory	
  tracking.	
  
•  Bound	
  risk	
  es.mates	
  based	
  on	
  
uncertain.es	
  in	
  PHA	
  observa.onal	
  
measurements,	
  and	
  their	
  correla.on	
  to	
  
impact	
  analysis	
  parameters.	
  
• Modeled	
  the	
  2015	
  Planetary	
  Defense	
  
Conference	
  hypothe.cal	
  impact	
  drill	
  [3].	
  

Expected	
  Casualty	
  (Ec)	
  Rates	
  
•  Casual.es	
  for	
  each	
  impact	
  realiza.on	
  
scaled	
  by	
  es.mated	
  frequencies	
  per	
  
year	
  of	
  that	
  size	
  class.	
  
•  Reproduced	
  Stokes	
  et	
  al.	
  [12]	
  results	
  
using	
  average	
  world	
  popula.on	
  density	
  
for	
  ini.al	
  model	
  valida.on.	
  
•  Demonstrated	
  convergence	
  of	
  loca.on-­‐
specific	
  casualty	
  results	
  with	
  average	
  
popula.on	
  results	
  over	
  large	
  number	
  of	
  
realiza.ons	
  [13].	
  

	
  

Blast	
  Overpressure	
  
•  Threshold:	
  peak	
  overpressure	
  ≥	
  4	
  psi.	
  
•  Damage	
  area	
  based	
  on	
  spherical	
  blast	
  propaga.on	
  
formulas	
  for	
  nuclear	
  detona.ons	
  [9].	
  
•  Ellip.cal	
  damage	
  shape	
  and	
  orienta.on	
  adjusted	
  
based	
  on	
  entry	
  angle	
  and	
  direc.on	
  (azimuth	
  angle).	
  

Thermal	
  RadiaJon	
  
•  Threshold:	
  3rd	
  degree	
  burns.	
  
•  Circular	
  damage	
  area	
  based	
  on	
  burst	
  height,	
  energy,	
  
and	
  luminous	
  efficiency	
  es.mates	
  [10].	
  

Ground	
  Impact	
  CasualJes	
  
•  Gridded	
  popula.on	
  data	
  is	
  used	
  to	
  compute	
  
casual.es	
  within	
  the	
  largest	
  damage	
  area	
  around	
  
specific	
  impact	
  coordinates.	
  
•  Popula.on	
  grid	
  cells	
  are	
  divided	
  into	
  user-­‐specified	
  
number	
  of	
  sub-­‐cells	
  to	
  scale	
  casual.es	
  included	
  from	
  
damage	
  boundary	
  cells.	
  

Preliminary	
  Regional	
  Tsunami	
  InundaJon	
  
•  Es.mates	
  inland	
  inunda.on	
  distance	
  for	
  select	
  strikes	
  
based	
  on	
  impact	
  energy	
  and	
  ocean	
  depth	
  [11].	
  
•  Assumes	
  10%	
  of	
  popula.on	
  within	
  inundated	
  areas	
  
(over	
  a	
  given	
  threshold	
  distance)	
  are	
  killed	
  [12].	
  

Preliminary	
  Global	
  ClimacJc	
  Effects	
  
•  Es.mates	
  percentage	
  world	
  popula.on	
  killed	
  by	
  
climac.c	
  effects	
  of	
  large	
  impacts	
  (E	
  >	
  4x104	
  MT).	
  
•  Samples	
  from	
  triangular	
  distribu.on	
  of	
  min,	
  nominal,	
  
and	
  max	
  percentages	
  based	
  on	
  impact	
  energy	
  [12].	
  

	
  

Dynamic	
  risk	
  modeling	
  framework	
  can	
  be	
  used	
  for	
  a	
  range	
  of	
  asteroid	
  impact	
  studies	
  and	
  applica.ons	
  
to	
  es.mate	
  poten.al	
  risk	
  levels,	
  determine	
  risk-­‐driving	
  factors,	
  generate	
  meaningful	
  decision	
  support	
  
metrics,	
  and	
  provide	
  insight	
  into	
  what	
  PHA	
  characteriza.on	
  research,	
  observa.onal	
  measurements,	
  
and	
  mi.ga.on	
  strategies	
  are	
  likely	
  to	
  be	
  most	
  effec.ve.	
  

SensiJvity	
  Studies	
  
•  Inves.gate	
  effects	
  of	
  parameter	
  
varia.ons	
  on	
  damage	
  area	
  and	
  	
  
casualty	
  results.	
  
•  Determine	
  risk-­‐driving	
  parameters.	
  
•  Provide	
  insight	
  into	
  which	
  asteroid	
  
characteris.cs	
  and	
  observa.onal	
  
measurements	
  are	
  most	
  important.	
  
•  Priori.ze	
  refinement	
  of	
  risk-­‐driving	
  
assump.ons.	
  
•  Iden.fy	
  which	
  impact	
  processed	
  	
  
should	
  be	
  modeled	
  at	
  higher	
  fidelity.	
  

Decision	
  Support	
  Metrics	
  
•  Produce	
  ac.onable	
  informa.on	
  to	
  
enable	
  risk-­‐informed	
  decisions.	
  
•  Inform	
  future	
  mi.ga.on	
  research,	
  
development,	
  and	
  capabili.es	
  to	
  
efficiently	
  reduce	
  risk.	
  
•  Iden.fy	
  what	
  PHA	
  sizes	
  and	
  classes	
  
warrant	
  tracking	
  or	
  advanced	
  mi.ga.on.	
  
•  Guide	
  appropriate	
  levels	
  of	
  mi.ga.on	
  
given	
  predicted	
  damage	
  severi.es	
  and	
  
probabili.es.	
  

Flight	
  IntegraJon	
  

Airburst	
  AlJtude	
  and	
  Energy	
  
	
  

(KE	
  =	
  ½	
  Ini.al	
  KE)	
  

Asteroid	
  CharacterizaJon	
  Data	
  
Parameter	
  ranges	
  and	
  frequencies	
  for	
  

various	
  classes	
  of	
  PHAs	
  [1,2]	
  

PHA	
  Tracking	
  &	
  ObservaJonal	
  Data	
  
Predicted	
  impact	
  swaths	
  and	
  entry	
  velocity	
  
vectors	
  from	
  orbital	
  trajectory	
  tracking	
  [3].	
  	
  

Impact	
  
Coordinates	
  

Thermal	
  Damage	
  Area	
  
(3rd	
  degree	
  burns)	
  

FragmentaJon	
  	
  

High-­‐Fidelity	
  SimulaJons	
  
Entry,	
  breakup,	
  airburst,	
  energy	
  

deposi.on,	
  blast	
  propaga.on,	
  ground	
  
damage,	
  tsunami	
  genera.on	
  [4,5]	
  

Flight	
  IntegraJon	
  
•  Numerical	
  integra.on	
  of	
  equa.ons	
  of	
  mo.on	
  and	
  
abla.on	
  to	
  es.mate	
  energy	
  deposi.on	
  during	
  
atmospheric	
  entry	
  [7].	
  

FragmentaJon	
  &	
  Burst	
  
•  Breakup	
  begins	
  when	
  aerodynamic	
  ram	
  pressure	
  at	
  
stagna.on	
  point	
  exceeds	
  asteroid	
  material	
  strength.	
  
•  “Pancake”	
  deforma.on	
  approach	
  used	
  to	
  model	
  
breakup	
  process	
  [7].	
  
•  Other	
  progressive	
  and	
  intermediate	
  fragmenta.on	
  
models	
  are	
  currently	
  being	
  implemented	
  [8].	
  

Airburst	
  AlJtude	
  &	
  Energy	
  
•  Al.tude	
  at	
  which	
  meteoroid’s	
  kine.c	
  energy	
  (KE)	
  is	
  
decreased	
  by	
  half	
  and	
  the	
  remainder	
  is	
  converted	
  
into	
  a	
  blast	
  wave.	
  
•  If	
  meteoroid	
  reaches	
  ground,	
  impact	
  is	
  treated	
  as	
  an	
  
airburst	
  at	
  0	
  al.tude	
  with	
  remaining	
  KE.	
  

Input	
  Parameter	
  DistribuJons	
  

SEDAC	
  Gridded	
  PopulaJon	
  Data	
  
Popula.on	
  counts	
  within	
  2.5-­‐arcminute	
  

grid	
  cells	
  (2000	
  data)	
  [6].	
  
	
  

Impact	
  Scenario	
  
IniJal	
  CondiJons	
  

Monte	
  Carlo	
  Sampling	
  

PROBABILISTIC	
  SIMULATION	
  

Spherical	
  Blast	
  
and	
  Thermal	
  	
  	
  
PropagaJon	
  

Overpressure	
  Damage	
  Area	
  
(Peak	
  overpressure	
  ≥	
  4	
  psi)	
  

PHA	
  Data	
  
•  H-­‐magnitude	
  
•  Albedo	
  
•  Orbital	
  trajectory	
  
•  Asteroid	
  class	
  
•  Composi.on	
  
	
  

Impact	
  Parameters	
  
•  Diameter	
  
•  Density	
  
•  Strength	
  
•  Luminous	
  efficiency	
  
•  Velocity	
  
•  Entry	
  angle	
  
•  Azimuth	
  angle	
  
•  Impact	
  coordinates	
  
	
  

CasualJes	
  

Pram = ρairv
2 > strength

Asteroid	
  CharacterizaJon	
  Data	
  

M dV
dt

= −ACDρairV
2 −Mg

dM
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= −σCDρairAV
3

Regional	
  Tsunami	
  CasualJes	
  
(10%	
  inundated	
  popula.on)	
  

Global	
  CasualJes	
  
(%	
  world	
  popula.on	
  es.mates)	
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   max	
  expected	
  

x

2.
5’
	
  (4

.6
	
  k
m
)	
  

2.5’	
  (0.6–4.6	
  km)	
  

N	
  

V	
  

Counted	
  
casual.es	
  

Ground	
  Impact	
  CasualJes	
  
(Gridded	
  popula.on	
  counts	
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  largest	
  damage	
  area)	
  

ENTRY	
  &	
  BREAKUP	
  

GROUND	
  DAMAGE	
  AREAS	
  

CASUALTY	
  ESTIMATES	
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